Biological light-harvesting complexes found in photosynthetic organisms efficiently capture solar photons by exploiting networks of precisely positioned chromophores. Such chromophore assemblies feed multiple electronic excitations into a single reactive center via nonradiative Förster resonance energy transfer (FRET), leading to substantial absorption amplification. Energy transfer is further promoted by delocalized exciton states and quantum coherent transport. This allows the subsequent biochemical reactions, which are driven by electron-transfer events, to thrive even at ultralow light conditions.^[@ref1],[@ref2]^ Although the underlying design principles of such natural photocells have been studied for over a century,^[@ref1]^ engineering synthetic analogues remains a formidable challenge.

The ability to use DNA as a template to arrange functional elements such as organic dyes^[@ref3]−[@ref5]^ into specific arrays has undergone remarkable development over the last few decades. Recently, such chromophore-labeled DNA structures have been successfully employed to create photonic wires^[@ref5]−[@ref7]^ and antenna systems,^[@ref8]−[@ref11]^ marking the advent of DNA nanotechnology in the field of artificial photosynthesis. The programmed self-assembly of DNA has also inspired the development of structure-based computational models for light-harvesting applications.^[@ref12]^ Most of the studies so far, however, were performed using small DNA tile structures^[@ref8]^ or DNA constructs with flexible arms^[@ref7]^---which, though establishing the crucial proofs of concept, are likely to suffer from low stability, sample heterogeneities, and structural uncertainties. With such high levels of variability in these structures, characterizing their properties requires sophisticated single-molecule detection; successful engineering of a desired function cannot be easily inferred from ensemble measurements. Moreover, in many of these DNA-chromophore structures,^[@ref7]^ the light-harvesting topology is dictated by the underlying DNA template. This work demonstrates how many of these constraints can be removed by using programmable DNA origami structures to spatially coordinate dyes and effectively implement theoretical models of antenna systems in a highly robust and reproducible way.^[@ref12]^

![Systematic design of DNA origami based donor--acceptor geometries. (a) Ring of Cy3 donor dyes (green) surrounds a Cy5 acceptor dye (red) on a flat, square-shaped DNA origami platform. The zoomed-in window shows the precise fluorophore attachment sites using a caDNAno scheme. (b) For each number of donors *N*, we created all six permutations of adjacent donor positions (gray boxes) and prepared a control sample containing an acceptor only (gray frame). For *N* = 2, we assembled all the possible dye geometries resulting in three groups of different mean donor--acceptor distances (colored boxes). The seven structures highlighted with black frames are analyzed both in ensemble and single-molecule measurements.](nl-2015-05139y_0004){#fig1}

The recent development of DNA origami based self-assembly^[@ref13],[@ref14]^ has enabled the fabrication of DNA nanostructures with significantly greater mechanical stability and rigidity.^[@ref15]^ DNA origami structures are formed by folding a long, single-stranded piece of DNA ("scaffold") into a designed shape with the aid of hundreds of short, complementary "staple" strands. Each staple is chemically addressable for functionalization with fluorescent tags. To demonstrate how antenna designs can be implemented and analyzed, we consider the problem of a single acceptor dye to which we progressively couple a number of donor dyes. For a set minimum donor--acceptor separation, we would expect that the total donor--acceptor energy transfer under FRET would be maximized by introducing each extra donor at this minimum separation; in 2D, the optimal configuration would be a ring. Indeed, a circular ring of donors enclosing an acceptor (reaction center) is a motif found in the (2D) photosynthetic membranes of purple bacteria.^[@ref16]^ To create this antenna geometry, we designed a two-layered DNA origami platform (170 bp × 24 helices), and selected eight fluorophore attachment sites on this "breadboard" so that the fluorophore is oriented away from the plane of the DNA platform. Six of these sites (Cy3 attachment) form a donor ring that surrounds a central acceptor site (Cy5 attachment). A further Cy5 attachment site is positioned outside the ring but equidistant from the nearest donor as the central acceptor. The well-defined DNA lattice allows us to estimate interchromophore distances using single-molecule measurements of the energy transfer efficiency of single donor--acceptor pairs. This yields distances of ∼5.2 nm in a perpendicular and ∼5.6 nm in a diagonal orientation with respect to helix direction ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a and [Supporting Information (SI) Note S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)). For this particular FRET pair (Cy3--Cy5) the Förster radius is *R*~0~ = 5.4 nm:^[@ref17]^ the length scales of our platform are thus consistent with having FRET as the appropriate theory for energy transfer. At such interdye separations, the dyes are weakly coupled, the coupling being weak with respect to the homogeneous spectral line broadening. Hence, the transfer of the excitation energy between the donor and acceptor dyes can be correctly described within the FRET theory.^[@ref12],[@ref18],[@ref19]^ The detailed design, the protocols for assembly and purification, as well as the characterization of the DNA origami platforms have been reported earlier.^[@ref20]^

A key advantage of the DNA origami technique is its modularity; any of the fluorescently labeled staples can be simply replaced with their original, unmodified counterparts. Arbitrary combinations of fluorophores can therefore be programmed on the predefined positions on the DNA origami platform (see [SI Note S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf) for DNA sequences of the modified staple strands and chemical structure of the dye attachment). Exploring this combinatorial freedom, we assembled over 30 structures by systematically varying the number of (adjacent) donors and permuting their positions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). In the class of two-donor samples, we created all possible dye geometries yielding groups of different mean donor--acceptor distances ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The DNA origami approach thus enables us to overcome the shortcomings of the antenna structures mentioned earlier^[@ref7]^ and explore the rational design of light-harvesting building blocks.

![Light-harvesting efficiency depends on donor--acceptor geometry. (a) Normalized fluorescence emission spectra with acceptor inside (ring *A*~1~, red line) and outside (ring *A*~2~, black line) the donor ring. (b) Normalized fluorescence emission spectra of corresponding donor--acceptor pairs with donor fixed at *D*~1~ and acceptor at *A*~1~ (*D*~1~--*A*~1~, red line) and at *A*~2~ (*D*~1~--*A*~2~, black line). (c) Fluorescence emission spectra of the six-donor ring with an acceptor in the center when excited at different wavelengths. The black line corresponds to the emission when excited at the Cy3 (donor) excitation wavelength at 521 nm. The colored lines correspond to the emission at direct Cy5 (acceptor) excitation at different wavelengths in the range 580--610 nm. Inset: Antenna effect (AE~tot~) as a function of the acceptor excitation wavelength. (d) AE~tot~ in dependence of number of adjacent donors *N* with linear fit (red line) according to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}. For each *N*, we averaged over all possible combinations of adjacent donors in the ring ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The error bars correspond to the standard error of the mean. (e) AE~tot~ as a function of mean donor-to-acceptor distance as determined from the two-donor samples ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). We prepared three independent replicates of each sample type. The error bars correspond to the standard error of the mean. The function (red line) shows the theoretical distance dependence of AE~tot~ ([eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}). (f) Influence of the concentration of Mg^2+^ ions in the buffer solution on AE~tot~ for the six-donor ring with an acceptor in the center. An increase in Mg^2+^ ion concentration is known to shrink the interhelix distances in DNA origami structures.^[@ref20]^ We prepared three independent replicates of the sample. The error bars correspond to the standard error of the mean.](nl-2015-05139y_0005){#fig2}

We begin with assessing the effectiveness of directional funnelling of excitation energy from the ring of donor molecules to the acceptor molecule in the center. The acceptor molecule is positioned inside (ring *A*~1~) or outside (ring *A*~2~) the ring ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Upon excitation of the donors, we observe a clearly enhanced fluorescence emission of the acceptor in ring *A*~1~ as compared to ring *A*~2~. The fluorescence emission spectra of the control samples *D*~1~--*A*~1~ and *D*~1~--*A*~2~ are nearly identical ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), which confirms that the result of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a is not induced by underlying structural differences of the DNA origami platform at these two acceptor positions. The excitation concentration observed in ring *A*~1~ thus demonstrates the viability of our antenna system.

Building on this, we systematically study the light-harvesting efficiency of our DNA-based structures, which is quantified by the antenna effect (AE~tot~).^[@ref21]^ This is defined as the ratio between the fluorescence of the acceptor upon excitation of donors \[*I*~A~(*D*\*)\] to the fluorescence of the acceptor upon its direct excitation \[*I*~A~(*A*\*)\] at given excitation wavelengths

The antenna effect quantifies the acceptor emission due to energy transfer from neighboring donors relative to acceptor emission resulting from its direct excitation, assuming equal photon fluxes incident on both donor and acceptor dyes (see [SI Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf) for more details on the analysis of the fluorescence emission spectra). It is important to highlight that the antenna effect is a parameter that can be tuned with the excitation wavelengths used. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, AE~tot~ decreases as the acceptor excitation wavelength approaches the absorption maximum of Cy5 ([SI Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)) when the donor excitation wavelength is fixed.

We first analyze the antenna effect at an increasing number of donors *N* enclosing the common acceptor; for each donor number, AE~tot~ is obtained by averaging over all possible arrangements of adjacent donors within the ring ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). This approach ensures self-averaging of local donor--DNA and donor--acceptor interactions over the ring. For the fully occupied ring (*N* = 6), three replicates are prepared. Furthermore, AE~tot~ is corrected for direct excitation of the acceptor at the donor wavelength (521 nm) using a sample containing an acceptor only (AE~tot~^0^ ≈ 0.08), see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. We observe a linear increase of AE~tot~ with donor number *N*, which exceeds unity for *N* \> 3 with a maximum value of ∼2 for *N* = 6 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). This result implies that a higher total intensity of light is released by the acceptor dye following excitation of the donors (521 nm) than by direct excitation of the acceptor (600 nm). This is in good agreement with a theoretical analysis (see [Model](#sec2.3){ref-type="other"} in [Methods](#sec2){ref-type="other"} and the [SI Note S8](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)) based on the solution of the rate equations of the excited state populations of donor and acceptor chromophores interacting via FRET, which predicts a linear scaling of AE~tot~ with number of donors *N*; see [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d shows how the experimental AE values are linearly fitted by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, whereas in the [SI Note S7](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf), we study the dependence of AE~tot~ on the number of donors without introducing any fitting parameters.

![Direct comparison between single-molecule and ensemble fluorescence measurements. (a) Antenna effect (AE~tot~^sm^) obtained from single-molecule measurements. We analyzed one-donor (blue), two-donor (green), and six-donor (red) samples ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). We screened several thousand molecules for each sample type, and used a Gaussian fit to determine the antenna effect. The error bars correspond to the standard deviation of the Gaussian fit. (b) Antenna effect (AE~tot~) obtained from ensemble measurements. We analyzed one-donor (blue), two-donor (green), and six-donor (red) samples ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Each sample was prepared in three independent replicates. The error bars correspond to the standard error of the mean.](nl-2015-05139y_0001){#fig3}

As expected, energy diffusion between the donors (homo-FRET) does not alter the net AE~tot~ in our dye configurations (see the [Model](#sec2.3){ref-type="other"} section in [Methods](#sec2){ref-type="other"} and the [SI Note S8](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)). In contrast to a homo-FRET based photonic wire,^[@ref10]^ the ring geometry ensures that all donors can effectively transport energy to the acceptor. Hence, a circular antenna system consistently outperforms an equivalent linear array with the acceptor at one end, where the antenna effect is highly susceptible to weak links or disorder in the chain of dyes. Furthermore, AE~tot~ rapidly saturates as a function of *N* due to the inefficiency of the diffusive homo-FRET required to transfer energy across the array to the acceptor (see [SI Note S9](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)).

Having understood the collective role played by the donors, we analyze how small changes in the donor--acceptor separation affect the light-harvesting efficiency of our antenna. We are able to vary the donor--acceptor separation in two fundamentally different ways; first, we can classify all possible two-donor configurations according to their mean donor--acceptor distance ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) as imposed by the anchoring positions on the DNA origami platform, which yields three different mean donor--acceptor distances ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e, an increase in this distance by ≲1 nm results in a substantial decrease of AE~tot~ by ∼23%. This is in agreement with the theoretical prediction given by [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}. Second, we can dynamically tune the intrinsic compactness of a DNA origami structure and thereby the distances between the attached fluorophores by varying the concentration of Mg^2+^ ions in the buffer solution.^[@ref20]^ Increasing the concentration of Mg^2+^ ions leads to reduced interhelix distances due to electrostatic screening of the negatively charged DNA backbone. Indeed, as the MgCl~2~ concentration is increased from 11 to 200 mM, AE~tot~ is enhanced by ∼9% for the full donor-ring antenna (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f and [SI Note S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf) for more details).

As an essential part of testing new structures, we verify the results obtained in bulk using measurements of the antenna effect at single-molecule level for a subset of samples ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The experimental setup applies alternating laser excitation (ALEX) of donor and acceptor fluorophores on diffusing molecules with separate donor and acceptor detection channels recording fluorescence bursts from single molecules (see [Methods](#sec2){ref-type="other"}). This technique allows sorting of subpopulations and disregard molecules without FRET signal in the analysis. The quantity equivalent to AE~tot~ is defined as AE~tot~^sm^ = GR/RR, where GR corresponds to "green" excitation--"red" detection and RR to "red" excitation--"red" detection. We select representative samples with donor numbers *N* = 1, 2, 6 and measure the antenna effect both in single-molecule ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) and bulk ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) measurements (see [SI Note S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf) for a comparison of energy transfer efficiency values). The overall trend, increasing antenna effect with donor number, is qualitatively reproduced in the single-molecule measurements. Furthermore, at a given donor number, we observe an increase in antenna effect with decreasing mean donor--acceptor distance (e.g., sample 3 vs sample 6) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). When averaging over all the values within a sample set with equal donor number (*N* = 1, 2, 6), the discrepancy in the mean values of AE~tot~ and AE~tot~^sm^ can be clearly explained by the different excitation wavelengths used for the acceptor molecule in the respective experiment (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c and [SI Note S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf) for a detailed explanation). Importantly, the single-molecule measurements show remarkably homogeneous populations for each sample indicating that all DNA origami structures have the same number of donors within our measurement accuracy (see the stoichiometry histograms in [SI Note S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)). This gives us high confidence on the homogeneity and robustness of the DNA origami structures. In addition, the width of the homogeneous populations of the antenna effect ([SI Figure S6.1a](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)) is mainly dominated by shot-noise and no significant conformational heterogeneity can be detected. The high quality of samples and close agreement between the results obtained from both techniques thus allow the bulk measurements to be used as effective analytical tool.

To conclude, we have systematically built up a circular antenna system according to a rational design on a programmable material with nanometer precision. Our rigorous and quantitative analysis has verified that the ring geometry functions effectively as an antenna. We have convincingly shown that DNA origami is a highly reliable tool for generating these antennas. Compared to DNA structures with flexible arms,^[@ref7]^ we have rigidified the system as inspired by protein scaffolds in real biological antennas; this promising avenue could be further explored using higher dimensional DNA origami architectures. Moreover, we have created a versatile platform for unravelling optimal energy transfer networks: by placing more dyes, such as multiple acceptors, we could investigate optimal donor-to-acceptor ratios or network geometries with multiple dye types, and even begin to replicate analogues of the energy transport system of entire photosynthetic membranes.

An intriguing future direction of this work is the possibility of engineering quantum effects that alter the fundamental nature of the antenna's photoexcitations. Recent theoretical work suggests that such effects could be exploited to enhance the performance of biologically inspired light-harvesting systems.^[@ref22]−[@ref25]^ Quantum states, such as coherently coupled dimers, have already been realized in simple DNA duplexes,^[@ref26]^ but control over their spatial organization proves to be challenging. The ability to program multichromophoric geometries using DNA origami could increase the complexity and connectivity of such quantum states, potentially creating an antenna operating beyond the classical regime.

Methods {#sec2}
=======

Steady-State Fluorescence Measurements in Bulk {#sec2.1}
----------------------------------------------

Steady-state fluorescence emission was measured in bulk using a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies) and a low volume cuvette (50 μL) (Sigma-Aldrich). Donor molecules (Cy3) were excited at 521 nm. Direct excitation of acceptor molecules (Cy5) was achieved using an excitation wavelength of 600 nm. The excitation and emission slits were set to 20 nm for the DNA origami samples (∼2 nM in 11 mM MgCl~2~, buffered with 0.5 × TBE) and to 10 nm for the Cy3- and Cy5-labeled staple strands (∼500 nM in 1 × TE), respectively. Emission spectra were collected over a wavelength range of 550--700 nm upon excitation at 521 nm, and 635--700 nm upon excitation at 600 nm, respectively. For each sample, five fluorescence emission spectra were recorded and averaged for further analysis. The magnesium chloride titration was performed by stepwise addition of 1 M MgCl~2~, buffered with 0.5 × TBE, to the same cuvette while recording the emission spectra.

Single-Molecule Fluorescence Measurements {#sec2.2}
-----------------------------------------

Single-molecule FRET measurements of individual diffusing DNA origamis were performed in LabTek chamber slides (Thermo Scientific) that were cleaned with 1 M KOH and passivated with BSA (10 mg/mL). DNA origami structures were diluted in a buffer consisting of 1 × PBS, 12.5 mM MgCl~2~ for stabilization of the origami and 2 mM trolox/troloxquinone, 1% (w/w) glucose, and 10% (v/v) of GOC (1 mg/mL glucose oxidase, 0.4% (v/v) catalase (50 μg/mL), 30% glycerol, and 12.5 mM KCl in 50 mM TRIS pH 7.5)^[@ref27]^ for stabilization of the fluorophores. Burst measurements were carried out on a custom-built confocal fluorescence microscopy setup. A diode laser with 80 MHz pulse frequency (640 nm, LDH-D-C-640, Picoquant) and a 532 nm cw laser (Sapphire LP 532 nm 100 mW, Coherent) were alternated by an acousto-optical tunable filter (AOTFnc-VIS, AA optoelectronic) with 100 μs period. The laser beams were coupled into an oil-immersion objective (UPlanSApo 60XO/1.35 NA, Olympus) that is incorporated in an inverted microscope body (Olympus IX-71). The emission light was collected by the same objective and was separated from the excitation light by a dual-band dichroic beam splitter (z532/633 AHF) and focused onto a 50 μm pinhole (Linos). The emission of Cy3 and Cy5 was split spectrally by a single-band dichroic mirror (640 DCXR, AHF) and focused onto two avalanche photo diodes (τ-SPAD-100, Picoquant) with appropriate filtering (Cy3 emission, Brightline HC582/75, AHF and RazorEdge LP 532, Semrock; Cy5 emission, Bandpass ET 700/75m, AHF and RazorEdge LP 647, Semrock). The detector signals were registered with a single photon counting PC card (SPC-830, Becker & Hickl) and evaluated using custom-made LabVIEW (National Instruments) software (see [SI Methods](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf) for details on data analysis).

Model {#sec2.3}
-----

We modeled the energy transfer from the antenna complex to the common acceptor core using a set of rate equations governing the dynamics of the populations of the donor and acceptor chromophores, under external laser excitation and hetero-FRET interaction. This treatment assumes that only one particle, one excitonic quasiparticle in this case, is present in the system at any time, which is valid for the low excitation conditions under which the experiments have been carried out.

For a single donor--acceptor pair, the antenna effect (AE~A~^D^) is given by (see [SI Note S8](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf) for the full derivation)where Φ~D~ (Φ~A~) is proportional to the molar extinction coefficient of the donor (acceptor) dye Ξ~D~(λ~D~) \[Ξ~D~(λ~A~)\] dependent on the excitation wavelength λ~D~(λ~A~); see also [SI Note S8](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf), and *E*(*R*) the FRET efficiencywith *R*~0~ the Förster radius, that is, the donor--acceptor separation corresponding to a FRET efficiency *E*(*R*) equal to 50%.

When more than one donor is present, as in the ring antenna system examined here, the cumulative antenna effect (AE~tot~) simply scales with the total number *N* of donor dyes *D*~*i*~ (*i* = 1, \..., *N*), if these are identical and located at a same distance from the acceptor *A*In this case, we have not considered the homo-FRET interaction between identical donors. It can be demonstrated that the energy transfer between identical dyes located at the same distance from the common acceptor does not alter the net antenna effect ([SI Note S8](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)).

For two donors *D*~1~ and *D*~2~ nearly equally spaced from the common acceptor *A* with distances *R*~1~ and *R*~2~, respectively, we can introduce an average donor--acceptor separation *R̅*so that *R*~1~ = *R̅* + *δR* ≳ *R*~2~ = *R̅* -- *δR*. In this case, the cumulative antenna effect, AE~A~^*D*~1~^+AE~A~^*D*~2~^ can be expressed in terms of *R̅* (see also [SI Note S10](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf))where α = Φ~D~/Φ~A~ and β = 1/*R*~0~^6^.

We have used the experimental efficiencies measured by single-molecule spectroscopy ([SI Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)), to evaluate the two distinct donor--acceptor distances (*D*1--*A* and *D*2--*A*). Using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} with a Förster radius *R*~0~ = 5.4 nm,^[@ref17]^ we get *R*~*D*~1~*A*~ = 5.2 nm and *R*~*D*~2~*A*~ = 5.6 nm.

The experimental values of the antenna effect as a function of the number of donors ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) have been fitted using [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}. In this case, we have assumed an average donor--acceptor efficiency *E*(*R̅*), *R̅* = (*R*~*D*~1~*A*~+*R*~*D*~1~*A*~)/2 (see [SI Note S10](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf)) and fitted the experimental antenna effects (*y*) with the linear expression *y* = α̃ *x* + *q*, *x* = *NE*(*R̅*) (*N* = 1, \..., 6) and α̃ = Φ~D~/Φ~A~. From the linear fit, we get α̃ = Φ~D~/Φ~A~ = 0.606 and *q* = 0.006. Then, with α̃ obtained from the linear fit and using *R*~0~ = 5.4 nm, we compare the theoretical antenna effect ([eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}) evaluated as a function of the donor--acceptor separation (in the two-donor configuration) with the experimental values (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.5b05139](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b05139).DNA origami design, fluorophore arrangement and attachment, spectroscopic properties of Cy3 and Cy5, energy transfer efficiency of single donor--acceptor pairs, calculation of antenna effect in ensemble fluorescence measurements, magnesium dependent fluorescence quenching, histograms from single-molecule fluorescence measurements, comparison of antenna effect and energy transfer efficiency between single-molecule and ensemble measurements, detailed derivation of model and further theoretical considerations, and supplementary methods.([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b05139/suppl_file/nl5b05139_si_001.pdf))
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